Introduction
============

The incidence of implant-associated infections is increasing with the growing prevalence of titanium implants in orthopedic and dental surgery.[@b1-ijn-12-3665] Infections cause patient suffering, financial burden, and even fatalities. An infection may result from incomplete preoperation disinfection procedures, the use of nonstandard protocols during surgery, or the transfer of bacteria from infected, adjacent tissues and hematogenous sources to the implant surface after surgery. Infection rates are higher in surgeries using percutaneous and transmucosal implants. The biofilm that forms after bacteria have adhered to the implant surface shields the bacteria from the host defense system. Furthermore, because local defense systems are compromised by surgical trauma early in the recovery period, preventing the initial adhesion of bacteria during this period is crucial to preventing implant-associated infections.[@b2-ijn-12-3665]

Local delivery of antibiotics and other antibacterial agents has been proposed to replace the traditional practice of systemic delivery. Local delivery maximizes the in situ drug effect, avoids potential systemic toxicity, and saves time and money.[@b3-ijn-12-3665] Furthermore, the emergence of several drug-resistant pathogens has led researchers to explore novel antibacterial agents. Recent studies reported the application of Ag nanoparticle (AgNP)-loaded materials to reduce bacterial and fungal infections related to metallic implants due to their broad-spectrum antimicrobial, antiviral,[@b4-ijn-12-3665] and antifungal[@b5-ijn-12-3665] activities. AgNPs showed the effectiveness in killing prokaryotic microorganisms, including antibiotic-resistant bacteria.[@b6-ijn-12-3665],[@b7-ijn-12-3665] Moreover, AgNPs can inhibit biofilm formation.[@b8-ijn-12-3665] These nanoparticles interrupt primary bacterial functions upon contact,[@b9-ijn-12-3665] but the exact mechanism of this effect remains controversial.[@b10-ijn-12-3665] In vitro studies have demonstrated that AgNPs are toxic to mammalian cells originating from the liver, skin, brain, lungs, and vascular system,[@b11-ijn-12-3665]--[@b13-ijn-12-3665] and they can induce genes related to cell cycle progression, DNA damage, and apoptosis.[@b14-ijn-12-3665],[@b15-ijn-12-3665] An in vivo study reported that AgNPs provoke morphological malformations, retard development, and reduce pigmentation in the early life stages of Japanese medaka.[@b16-ijn-12-3665] In addition to the biological toxicity, loose nanoparticles produced in the fabrication process have been recognized as a potential environmental hazard.[@b17-ijn-12-3665] Therefore, the use of AgNPs has been controlled in many countries.[@b18-ijn-12-3665]--[@b20-ijn-12-3665]

Several studies have proposed the use of "green" chemistry to mitigate these concerns.[@b19-ijn-12-3665],[@b21-ijn-12-3665] Our previous studies have shown that chitosan/gelatin (CS/G) coatings fabricated on the metal substrates could be functionalized with specific agents, such as tetracycline,[@b22-ijn-12-3665] Mg ions,[@b23-ijn-12-3665] and Sr ions.[@b24-ijn-12-3665] In addition to using environmental-friendly chitosan and gelatin as polymers, other green methods (eg, using water as a solvent, conducting the procedure at an ambient temperature and pressure, and avoiding the usage of auxiliaries or derivatives) have been adopted to design polymer mix (CS/G)-based coatings with Ag-containing nanocomposites as alternatives to traditional antimicrobial AgNPs. Recent studies have demonstrated that AgNPs will be oxidized to form a soluble Ag~2~O surface layer when exposed to oxygen, which is the key for the antibacterial properties of Ag ions.[@b25-ijn-12-3665] Aerobic conditions lead to the oxidation and release of Ag ions.[@b26-ijn-12-3665] The released Ag ions play a significant role in antibacterial activity.[@b27-ijn-12-3665],[@b28-ijn-12-3665] We hypothesized that CS/G coatings on metallic implants fabricated via electrophoretic deposition (EPD) could be embedded with different amounts of Ag~2~O.[@b27-ijn-12-3665],[@b29-ijn-12-3665] These Ag-containing nanocomposite coatings could provide rapid initial-release profiles after intervention, followed by continuous slow-release profiles, to protect the implant sites from bacteria.

A better understanding of the interactions of antimicrobial nanoparticles with target microbes would help to enhance the antimicrobial efficiency of Ag ions. The interaction between nanoparticles and the intended target is complex. Although the size of nanoparticle and bacterial species influences the potency of AgNPs, the most significant factor in the antimicrobial activity is the AgNP surface charge. Cationic AgNPs are electrostatically attracted to the cell walls of negatively charged bacterial cells, and the localized concentration of released Ag ions is markedly improved by the attraction. The interaction of Ag ions with thiol groups of vital enzymes and proteins affects cellular respiration and the transport of ions across membranes ultimately resulting in cell death. In this study, a cationic polyelectrolyte (chitosan) was selected to transport Ag toward the metallic cathode through EPD to enhance the adhesion of Ag~2~O/AgCl-containing nanoparticles to the cell membranes of targeted bacteria.[@b30-ijn-12-3665] Under a power supply, Ag ions are reduced to Ag metal at the cathode, and the Ag metal is oxidized to Ag~2~O nanoparticles when exposed to air. Additionally, AgCl as byproduct is generated when Ag nitrate solution is added to an EPD solution. AgCl is known to contribute to antibacterial activity to some degree,[@b14-ijn-12-3665],[@b27-ijn-12-3665] and chitosan is biocompatible in vitro and in vivo. Our previous study showed that such properties and the bond strength of the CS coatings could be enhanced by the addition of gelatin.[@b31-ijn-12-3665],[@b32-ijn-12-3665] The results herein demonstrate that this type of Ag-containing coating fabricated on a metal substrate via green chemistry could be efficient in killing bacteria while showing relatively low cytotoxicity toward MC3T3-E1 cells compared with Ag ions.

Materials and methods
=====================

Materials
---------

Chitosan (molecular weight 1,000,000 Da, humidity 7.86%, ash content 0.80%, deacetylation degree greater than 95%) was supplied by Golden-Shell Biochemical Co., Ltd (Zhejiang, People's Republic of China). Gelatin (type A) derived from acid-cured tissue (G1890; Sigma-Aldrich, St Louis, MO, USA) was used as received. Commercial pure titanium (grade 2) was supplied by Baoji Titanium Industry Co., Ltd (Shaanxi, People's Republic of China). Loctite 454 instant gel adhesive was purchased from Henkel Loctite Corp (Loctite, Düsseldorf, Germany). The MC3T3-E1 cell line (American Type Culture Collection \[ATCC\] catalog CRL-2594), *Staphylococcus aureus* (ATCC catalog 25923), and *Escherichia coli* (ATCC catalog 8739) were obtained from the American Type Culture Collection. All other chemical reagents were local products of analytical grade.

Preparation of the electrophoretic solutions
--------------------------------------------

The CS/G solution was prepared as described in our previous study.[@b31-ijn-12-3665] Briefly, 1.2 g of chitosan and 2.8 g of gelatin were dissolved in 150 mL of HCl solution (0.04 M) with magnetic stirring at 60 rpm for 2 h. The pH was adjusted to 4.0 using 0.1 M NaOH, and the total volume was brought to 200 mL with Milli-Q water. An aqueous Ag nitrate solution was obtained by dissolving Ag nitrate powder in Milli-Q water and mixing with the CS/G solution with magnetic stirring for 30 min. The final concentration of Ag nitrate in each group is shown in [Table 1](#t1-ijn-12-3665){ref-type="table"}.

Preparation of the titanium substrates and EPD process
------------------------------------------------------

Titanium substrates were treated as described in our previous article.[@b31-ijn-12-3665] Briefly, the titanium substrates were coarse grit-blasted with 0.25--0.50 mm corundum grit at 5 bar for 1 min and were then acid-etched in hydrochloric acid/sulfuric acid (1:1) at 65°C for 30 min. Then, the substrates were ultrasonically cleaned with acetone, ethanol, and Milli-Q water for 15 min before rinsing with Milli-Q water. During the EPD process, the titanium substrates were used as the cathode, and a parallel platinum plate served as the anode. The distance between the cathode and the anode was 50 mm. EPD was performed by connecting the cathode and the anode to a direct current power supply (Model 6614C; Agilent Technologies, Santa Clara, CA, USA) at 7--8 V. Each titanium substrate was deposited for 4 min. After deposition, the electrodes were disconnected from the power supply, removed from the solution, and air-dried overnight.

Physicochemical characterization of the deposited coatings
----------------------------------------------------------

### Photos of the coatings

Optical photographs of the coatings were taken immediately after fabrication and drying in air for 1 day.

### Fluorescence images

Fluorescence images were captured by a fluorescence microscope (Nikon TE-2000) using the autofluorescence of chitosan.

### Field emission-scanning electron microscopy (FE-SEM)

FE-SEM (Zeiss, Oberkochen, Germany) was used to analyze the surface structure of the coatings, which were sputter-coated with gold. A Quanta 200 microscope (FEI, Hillsboro, OR, USA) was used for qualitative elemental analyses by energy-dispersive X-ray spectrometry (EDS).

### Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR)

ATR-FTIR (Thermo Nicolet 5700; Thermo Fisher Scientific, Waltham, MA, USA) was used to analyze the surface chemistry.

### X-ray diffraction (XRD)

The crystalline state of the coating material was analyzed with an X-ray diffractometer (D8 Advance; Bruker AXS Inc., Madison, WI, USA) at 30 kV and 30 mA using Cu KD radiation. The diffraction angle ranged from 3° to 50° (at a rate of 1° \[2*θ*\] per min with a step size of 0.1° \[2*θ*\]).

### X-ray photoelectron spectroscopy (XPS) and X-ray Auger electron spectroscopy (XAES)

The chemical states of Ag in the coatings were determined by XPS (Kratos XSAM 800; Kratos Analytical, Manchester, UK) and XAES (Kratos XSAM 800; Kratos Analytical, Manchester, UK).

Mechanical properties
---------------------

The shear and tensile bond strengths were tested to investigate the adhesion force between the coating and the titanium substrate. The coatings were adhered to stainless steels studs (10 mm in diameter, 1 mm thick) with instant gel adhesive to ensure complete contact. The samples were vertically placed at the crosshead of an Instron Model 4465 load frame (Instron Corporation, Norwood, MA, USA). The long axis of the test samples coincided with the direction of the applied force. The pull force was maintained at a constant crosshead displacement of 0.50 mm per min until failure. Three samples per group were used for statistical analysis.

Degradation study
-----------------

Coating degradation was examined in sterilized phosphate-buffered saline (PBS), which was refreshed every day (pH 7.4). After incubating for 30 min, 1, 3, 5, 7, and 12 h, and 1, 3, 7, 14, and 28 days, the coated titanium substrates were removed, thoroughly rinsed with deionized water, and vacuum-dried for 3 days at room temperature. The dry weight of each titanium disk and coated disk was measured at the start of the experiment (W1 and W2, respectively) and at the sampling time point (W3). The degree of degradation of a coating in vitro was calculated as the percentage mass loss (D): $$D = ((W2 - W3))/((W2 - W1))\%$$

The dried coatings were analyzed using ATR-FTIR to determine the surface chemical changes at each time point.

Transmission electron microscopy (TEM)
--------------------------------------

To identify the morphology of Ag compounds released from the coatings, the samples were examined by TEM (JEOL JEM 2100; JEOL, Ltd., Tokyo, Japan). The EPD coatings were immersed in Milli-Q water for 24 h, and the release liquid was diluted five times with Milli-Q water.

Ag-release studies
------------------

The concentration of Ag released in PBS was monitored by inductively coupled plasma-atomic emission spectrometry (ICP-AES) (IRIS Intrepid II XSP; Thermo Fisher Scientific). The samples were soaked in 5 mL of PBS for 30 min, 1, 3, 5, 7, and 12 h, and 1, 3, and 7 days. Then, a 1 mL aliquot of sustained-release suspension was replaced with fresh PBS at specific time points. The removed aliquot was treated with hydrogen nitrate and analyzed by ICP-AES.

In vitro antibacterial activity
-------------------------------

To determine the antibacterial activity of the deposited coatings, three-level bacteria-killing tests were performed: total-killing capability, contact-killing capability, and release-killing capability. To measure the total-killing capability, bacteria and titanium substrates were cocultured in media for 18 h, and liquid samples were diluted 10-fold and re-cultured on agar plates in accordance with the bacteria-counting method. To measure the contact-killing capability, bacteria and titanium substrates were cocultured in media for 18 h, and samples were removed and washed with PBS three times. Then, the samples were immersed in 1 mL of PBS, and the bacteria were ultrasonically detached from the coating surfaces. The collected bacterial suspension was serially diluted and plate-counted. The samples were observed by SEM after fixation with 2% glutaraldehyde. To measure the release-killing capability, the leach liquid was obtained after the coated titanium disks were immersed in culture medium for 24 h, and the liquid was cocultured with *E. coli* and *S. aureus* separately at 37°C for 18 h. The collected liquid was serially diluted in 10-fold steps, and 100 μL of the diluted bacterial suspension was cultured on agar plates for 18 h. All three tests were quantified using the plate-counting method, and the antibacterial ratio (%) was calculated as follows: $$X - Y/X \times 100$$where X is the average number of bacteria on the CS/G plate (colony forming units \[CFU\]/sample), and Y is the average number of bacteria on the four other plates (CFU/sample).

The bacterial suspension of three-level bacterial-killing test was stained with SYTO 9 and propidium iodide (PI) dyes (LIVE/DEAD BacLight Bacterial Viability Kits; Molecular Probes, Thermo Fisher Scientific) for 15 min in darkness, and examined by a fluorescence microscope (Nikon TE-2000).

MC3T3-E1 cell culture
---------------------

The MC3T3-E1 cell line was maintained in alpha minimal essential medium supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA) at 37°C. The cell count and cell viability were determined using a Beckman Coulter automatic cell counter (VI-cell analyzer; Beckman Coulter, Inc., Brea, CA, USA). All disks were steam-sterilized and placed in 24-well tissue culture plates under aseptic conditions. Complete medium was added to the 24-well plates. Then, the cells were seeded at a density of 2×10^4^ cells cm^−2^ and were incubated in 1 mL of soaking suspension at 37°C in a humidified atmosphere (5% CO~2~, 95% air) with media replacement every 3 days.

Cytotoxicity of the deposited coatings
--------------------------------------

The cytotoxicity of the deposited coatings was determined using a CCK-8 kit. After culturing the MC3T3-E1 cells for 4 h and 1, 4, and 7 days, the culture medium was replaced with 400 μL of 10% CCK-8 solution. The samples were continually cultured for 1 h, and the absorbance of the solutions was read at 450 nm.

The cytotoxicity of samples was also compared with that of the pure Ag ions. All disks were steam-sterilized and placed in 24-well tissue culture plates under aseptic conditions. Complete medium was added to the 24-well plates and cultured at 37°C for 24 h. Ag ions with the corresponding 24 h cumulative release concentration were added to the complete medium and cultured at 37°C for 24 h. Then, the cells were seeded at a density of 2×10^4^ cells cm^−2^ and were incubated in soaking suspension at 37°C in a humidified atmosphere (5% CO~2~, 95% air). The cytotoxicity was determined using a CCK-8 kit. After culturing the MC3T3-E1 cells for 1 day, the culture medium was replaced with 400 μL of 10% CCK-8 solution. The samples were continually cultured for 1 h, and the absorbance of the solutions was read at 450 nm.

Statistical analysis
--------------------

Statistical analyses were performed using SPSS 16.0 (SPSS, Chicago, IL, USA). The results were analyzed using one-way analysis of variance with post hoc Tukey test. *P*\<0.05 was considered statistically significant.

Results
=======

Physicochemical characterization of the substrates
--------------------------------------------------

### Photographs of the coatings

The hydrogel coatings were uniformly deposited on the substrate after EPD ([Figure 1](#f1-ijn-12-3665){ref-type="fig"}). Porous coating structures were observed, except for Ag-IV ([Figure 1E](#f1-ijn-12-3665){ref-type="fig"}). The color of the coatings varied with increasing amounts of Ag in the EPD solution.

### Fluorescence images

[Figure 2A--E](#f2-ijn-12-3665){ref-type="fig"} shows the fluorescence images of the deposited coatings with different amounts of Ag. Blue fluorescence was observed in [Figure 2A--E](#f2-ijn-12-3665){ref-type="fig"} due to the autofluorescence of chitosan. The images showed the microporous structure of the coatings, and the number of pores decreased with the increasing amount of Ag in the coatings. The pore size ranged from 50 to 200 nm. The dried coating had brown-colored surfaces, and the blue fluorescence disappeared in the Ag-IV group.

### FE-SEM

[Figure 2F--J](#f2-ijn-12-3665){ref-type="fig"} shows the surface SEM images of different samples. Under low magnification, the CS/G coatings presented a smooth surface morphology. Nanoparticles appeared and were uniformly distributed in the background with the addition of Ag. High-magnification SEM images showed that the nanoparticles ranged in diameters from 10 to 100 nm. The surfaces of the particles became brighter and coarser with increasing amounts of Ag. [Figure 2K--O](#f2-ijn-12-3665){ref-type="fig"} shows the SEM images of the cross-sections of different samples. These images revealed the lamellar-distributed, shuttle fiber-like morphology. As more Ag was added, the density of the uniformly distributed nanoparticles increased.

### EDS

The EDS analysis results in [Figure 2P--T](#f2-ijn-12-3665){ref-type="fig"} show the presence of Ag in all coating groups except the Ag-I group. A higher concentration of Ag nitrate in the EPD solution resulted in a relatively higher proportion of Ag in the corresponding coating.

### ATR-FTIR

ATR-FTIR spectra are shown in [Figure 3A](#f3-ijn-12-3665){ref-type="fig"}. The CS/G coatings exhibited strong adsorption peaks at 1,031, 1,080, and 1,151 cm^−1^, which are characteristic chitosan peaks caused by C--N stretching, C--O stretching, and O--H bending, respectively, and at 1,548 and 1,633 cm^−1^, which are characteristic gelatin peaks due to amide I--CONH stretching and amide II--NH~2~ stretching, respectively. The addition of Ag caused no obvious differences in the CS/G and Ag-containing coating spectra.

### XRD

The XRD spectra ([Figure 3B](#f3-ijn-12-3665){ref-type="fig"}) exhibited a broad peak at 20° for all samples due to the semi-crystalline nature of chitosan. The addition of Ag nitrate to the EPD solutions produced a new crystalline phase in Ag-III and Ag-IV that matched that of Ag chloride.

### XPS and XAES

The samples were further investigated using XPS ([Figure 3D--H](#f3-ijn-12-3665){ref-type="fig"}). [Figure 3C](#f3-ijn-12-3665){ref-type="fig"} shows a survey scan ranging from 0 to 1,400 eV. Elemental Ag was observed in all sample groups except for the control group. [Figure 3D--H](#f3-ijn-12-3665){ref-type="fig"} shows the detailed XPS region of Ag 3d at a depth of 10 nm. No Ag 3d XPS region was observed for Ag-0. In the other test groups, Ag 3d doublets were observed at 374 (Ag 3d3/2) and 368 eV (Ag 3d5/2). Because it is difficult to determine the chemical composition based solely on XPS,[@b33-ijn-12-3665] the use of the Auger parameter (AP) to identify Ag chemical states is typically considered more reliable than finding the absolute (corrected) binding energy of Ag 3d5/2. The "Ag-3d5/2 M5N45N45" and "Ag-3d5/2 M4N45N45" APs of Ag in its oxidized form are shown in [Figure 3I--M](#f3-ijn-12-3665){ref-type="fig"}, and the values were 351.2 and 356.6 eV for Ag~2~O[@b33-ijn-12-3665],[@b34-ijn-12-3665] and 350 and 355.4 eV for AgCl, respectively.[@b33-ijn-12-3665] A slight shift to a lower kinetic energy for Ag-3d5/2 M5N45N45 was observed in Ag-IV.

TEM
---

TEM imaging ([Figure 4A--E](#f4-ijn-12-3665){ref-type="fig"}) revealed that nanoparticles were released from the different coatings into Milli-Q water. For the Ag-0 coating, the released nanoparticles comprised chitosan and gelatin. The addition of Ag nitrate to the EPD solution increased the diameter of the nanoparticles. The released nanoparticles were encapsulated with a low-contrast layer and presented a core--shell-like structure.

Ag release study
----------------

[Figure 4F](#f4-ijn-12-3665){ref-type="fig"} shows the Ag-release profiles of the samples in PBS under sterile conditions. For each Ag-containing group, there was an initial burst release of Ag ions followed by a reduced release rate. There was no major change for the Ag-I group after 12 h, but the other three Ag-containing groups showed sustainable release profiles during the observation period. A statistically significant difference in the amount of released Ag was found between Ag-0 group and Ag-IV group after 24 h.

Mechanical properties
---------------------

The shear ([Figure 5A](#f5-ijn-12-3665){ref-type="fig"}) and tensile ([Figure 5B](#f5-ijn-12-3665){ref-type="fig"}) bond strengths were tested by stripping the coatings from the titanium substrate. All coatings were detached from the titanium substrate by applying sufficient force. Bond failures occurred at the coating--titanium interface rather than the coating--gel adhesive interface. The mean shear bond strengths of Ag-0, Ag-I, Ag-II, Ag-III, and Ag-IV were 1.87, 2.60, 4.2, 3.5, and 0.30 MPa, respectively, and the mean tensile bond strengths were 0.81, 0.41, 0.73, 0.89, and 0.28 MPa, respectively. There were no significant differences between Ag-0 and the other Ag-containing groups, which indicated that the addition of Ag to the coatings did not change the mechanical properties.

Degradation study
-----------------

The degradation rates of the coatings are shown in [Figure 6A--E](#f6-ijn-12-3665){ref-type="fig"}. The weights decreased sharply on the first day. The weight loss rate decreased as the amount of Ag in the coating increased. At the end of the first day, the weight loss of Ag-0 was approximately 76%, while the weight loss of Ag-IV was approximately 30%. At the end of the study, the weight losses of Ag-0, Ag-I, Ag-II, and Ag-III were approximately 80%, while that of Ag-IV was approximately 60%. The ATR-FTIR spectra of the coatings after degradation are shown in [Figure 6F--J](#f6-ijn-12-3665){ref-type="fig"}. The peaks corresponding to gelatin at 1,548 and 1,633 cm^−1^ flattened until day 7, which indicates that the gelatin dissolved more rapidly than the chitosan. After the first 7 days, the peaks corresponding to gelatin at 1,548 and 1,633 cm^−1^ became more obvious compared with the peaks at 7 days, suggesting that chitosan dissolved more rapidly than gelatin in the Ag-containing coatings after 7 days.

In vitro antibacterial activity
-------------------------------

### SEM images of bacteria adhered to the deposited coatings

Bacterial adhesion on the coatings was observed by SEM. After 18 h of culture in broth, the adhered bacteria showed typical morphology, that is, spherical *S. aureus* and rod-shaped *E. coli*. Additionally, a large number of layered *S. aureus* and *E. coli* attached and aggregated on the titanium surfaces coated with the Ag-0, Ag-I, and Ag-II films ([Figure 7A1--C1 and A2--C2](#f7-ijn-12-3665){ref-type="fig"}). No *S. aureus* or *E. coli* adhered to the Ag-III ([Figure 7D1 and D2](#f7-ijn-12-3665){ref-type="fig"}) and Ag-IV ([Figure 7E1 and E2](#f7-ijn-12-3665){ref-type="fig"}) surfaces.

### Quantification of the antibacterial activity of the substrates

#### Total-killing capability

The coatings were cultured with bacterial suspensions. After 18 h, the suspensions were removed and spread onto agar plates in accordance with bacteria-counting methods ([Figure 7A3--E3 and A4--E4](#f7-ijn-12-3665){ref-type="fig"}). The reduction percentage was calculated, and the amount of *S. aureus* on Ag-I, Ag-II, Ag-III, and Ag-IV was found to be reduced by approximately 50.6%, 59.7%, 99.8%, and 100%, respectively ([Figure 7F](#f7-ijn-12-3665){ref-type="fig"}), while the amount of *E. coli* on Ag-I, Ag-II, Ag-III, and Ag-IV was found to be reduced by approximately 47.0%, 61.96%, 100%, and 100%, respectively ([Figure 7F](#f7-ijn-12-3665){ref-type="fig"}).

#### Contact-killing capability

To investigate the anti-biofilm capability of the deposited coatings, the adhered bacteria were detached from the coatings and re-cultured on agar plates in accordance with bacteria-counting methods ([Figure 7A5--E5 and A6--E6](#f7-ijn-12-3665){ref-type="fig"}). The amount of *S. aureus* on Ag-I, Ag-II, Ag-III, and Ag-IV was found to be reduced by approximately 28.3%, 55.9%, 99.9%, and 100%, respectively ([Figure 7F](#f7-ijn-12-3665){ref-type="fig"}), while the amount of *E. coli* on Ag-I, Ag-II, Ag-III, and Ag-IV was found to be reduced by approximately 26.72%, 60.35%, 100%, and 100%, respectively ([Figure 7F](#f7-ijn-12-3665){ref-type="fig"}).

#### Release-killing capability

The bacteria were cultured in the releasing liquid for 18 h and were then spread on agar plates to observe the antibacterial capacity of the released particles ([Figures 7A7--E7 and A8--E8](#f7-ijn-12-3665){ref-type="fig"}). The amount of *S. aureus* on Ag-I, Ag-II, Ag-III, and Ag-IV was found to be reduced by approximately 14.32%, 39.4%, 93.0%, and 100%, respectively ([Figure 7F](#f7-ijn-12-3665){ref-type="fig"}), while the amount of *E. coli* on Ag-I, Ag-II, Ag-III, and Ag-IV was found to be reduced by approximately 19.7%, 56.4%, 96.4%, and 100%, respectively ([Figure 7F](#f7-ijn-12-3665){ref-type="fig"}).

### Visualization of the antibacterial activity of the substrates

The live-and-dead assay is an effective way to identify the living and dead bacteria based on the color change during the experiment. The green fluorescent SYTO 9 and red-fluorescent propidium iodide differ in their ability in penetrating bacterial cells. SYTO 9 is able to penetrate the cell membrane of both living and dead bacteria and stain nucleic acid with green fluorescence. Propidium iodide can only penetrate the dead bacteria with damaged membranes and fluoresce in red. As shown in [Figure 8](#f8-ijn-12-3665){ref-type="fig"}, a large amount of live *S. aureus* and *E. coli* are detected in group A. With the increase of Ag doped in coatings, the amount of green spots decreased, and red spots showed. Almost no green spots can be found in the images of group D and group E. This confirmed the results of the bacteria-counting method.

In vitro cellular study
-----------------------

The viability of MC3T3-E1 cells cultured in the extract liquid is shown in [Figure 8A](#f8-ijn-12-3665){ref-type="fig"}. The number of the cells steadily increased after 1, 4, and 7 days for all coatings except for Ag-IV. There were significant differences between Ag-IV and the other groups after 1, 4, and 7 days, which indicated the cytotoxicity of the specimens in this group.

CCK-8 tests were conducted for each group using the same concentration of Ag to compare the cytotoxicity of the Ag-containing nanoparticles released from the deposited coatings and pure Ag ions ([Figure 8B](#f8-ijn-12-3665){ref-type="fig"}). Differences were observed between the Ag-containing nanoparticles and the pure Ag ions. These results indicated that the cytotoxicity of the pure Ag ions was decreased after assembling with chitosan and gelatin via EPD.

Discussion
==========

This work confirmed that Ag-containing CS/G coatings with efficient antibacterial properties and low cytotoxicity can be prepared using a green synthesis procedure on metal implant substrates. These coatings inhibited bacterial adhesion when proper amounts of Ag were used. The embedded sustainable Ag-containing CS/G nanoparticles can function as substitutes for antimicrobial AgNPs.

EPD was chosen to fabricate the coatings because of the mild deposition conditions. Chitosan and gelatin are naturally abundant polymers and were used as the polymer base to prepare the Ag-containing nanoparticles. Chitosan is a linear polysaccharide that has primary amino groups with pKa values near 6.5. In acidic solutions, the amino groups are protonated, and chitosan migrates toward the cathode and is deposited on the metal substrate when a charge is applied. In particular, as a cationic polyelectrolyte, chitosan enhances the adhesion of Ag-containing nanoparticles to the targeted bacterial cell membranes.[@b30-ijn-12-3665],[@b35-ijn-12-3665] Gelatin was selected to improve the biocompatibility and bond strength of the chitosan coating. Polyelectrolyte complexes form between the NH~3~^+^ ions of chitosan and the COO^−^ ions of gelatin via electrostatic interactions.[@b36-ijn-12-3665] After the addition of Ag nitrate to the EPD solution, Ag ions interact with the amino and hydroxyl groups in chitosan, which is a known metal-chelating polymer.[@b37-ijn-12-3665] When a charge is applied, the chitosan--gelatin--Ag ion complex moves toward the cathode. The following chemical reaction occurs at the negative electrode: 2H~2~O + 2e^−^→ H~2~ ↑ +2OH^−^. The generation of hydrogen results in the formation of a porous structure, as shown in the fluorescence images of the coatings ([Figure 2A--D](#f2-ijn-12-3665){ref-type="fig"}). The accumulation of hydroxyl ions creates an alkaline environment around the cathode, which makes chitosan non-soluble and results in the deposition of chitosan on the substrate with gelatin. Simultaneously, the available electrons reduce Ag ions to AgNPs, which are embedded in the polymer coating. As elaborated in the literature,[@b38-ijn-12-3665] chitosan controls AgNPs nucleation and protects these nanoparticles from agglomeration. Due to the use of HCl, the byproduct AgCl is generated from the interaction of the Ag ions with Cl^−^ ions, as shown in the XRD patterns ([Figure 3B](#f3-ijn-12-3665){ref-type="fig"}).

The coated substrate was removed before the charge was turned off and dried at room temperature. The coatings were Ag-white in color and gradually turned brown in air ([Figure 1](#f1-ijn-12-3665){ref-type="fig"}), which suggested that although it was mixed with chitosan--gelatin polymer, the reduced Ag metal was gradually oxidized and transformed to Ag~2~O after exposure to air. The oxidation of Ag is thermodynamically favorable at room temperature $(\Delta G_{298}^{0} = - 11.25\text{kg}/\text{mol})$, as has been observed for AgNPs, even in the presence of organic surfactants.[@b39-ijn-12-3665] Generally, AgNPs react to form Ag~2~O surface layers when exposed to oxygen.[@b16-ijn-12-3665] AgNPs with a smaller particle size are more susceptible to oxidation because of their lower redox potentials.[@b20-ijn-12-3665],[@b40-ijn-12-3665] Furthermore, other parameters, such as particle size, surface energy, type and concentration of oxidant, humidity, and coating composition, may affect the kinetics and extent of oxidation.[@b19-ijn-12-3665]

The morphology and chemical compositions of the deposited coatings were analyzed to address this speculation. Fluorescence images of the coatings showed the formation of porous structures by the hydrogen that was generated at the cathode. However, no pores were observed in the freshly prepared Ag-IV group, which may have been due to the large amount of reduced Ag metal present in the coating.[@b41-ijn-12-3665] After the samples were fully dried in air, they were sputter-coated with gold and observed by FE-SEM. The FE-SEM images showed that nanoparticles appeared in the samples after the addition of Ag. Furthermore, the nanoparticle size decreased as the Ag content increased. These phenomena were confirmed in the cross-section images of the coatings, which showed that the nanoparticles were embedded in the fibrous and lamellar polymers. EDS was used to confirm that Ag was deposited in the coatings. The analyses confirmed the successful deposition of Ag in the Ag-II, Ag-III, and Ag-IV groups. However, Ag was not found in the Ag-I group, likely because the level of Ag was below the limit of detection of the EDS instrument.

The XPS results confirmed the presence of Ag in the coatings. However, because the Ag oxidation state could not be determined by XPS,[@b33-ijn-12-3665],[@b42-ijn-12-3665] the AP was used. Ag~2~O and AgCl were identified by peak-fit processing. Ag~2~O was derived from the oxidization of Ag metal in the coatings. AgCl was derived from the interaction between Ag and chloride ions in the EPD solution. The TEM images showed that the released nanoparticles in the Ag-added groups had core--shell-like structures. The core, with a strong contrast, was Ag~2~O/AgCl, and the shell, with a weak contrast, was a chitosan-and-gelatin complex. Therefore, the mechanism of Ag-loaded coatings fabricated via EPD has been illustrated in [Scheme 1](#f9-ijn-12-3665){ref-type="fig"}.

The sustainable release of Ag from the Ag-added groups into PBS, which would ensure continuous antibacterial activity, was observed by ICP-AES. The initial burst release may be attributed to Ag on the surface layers of the coatings, and the subsequent continuous release may be attributed to the physical degradation of chitosan by erosion and the dissolution of gelatin into PBS.

With respect to the coatings' antibacterial properties, the deposited coatings for the Ag-III and Ag-IV groups inhibited bacterial adhesion and had release-killing ability. This antibacterial property was predominantly attributed to the Ag~2~O/AgCl-containing CS/G nanoparticles. Ag~2~O can dissolve in pure water and release Ag ions. Minimally soluble AgCl provides a slower release of Ag ions.[@b27-ijn-12-3665],[@b42-ijn-12-3665],[@b43-ijn-12-3665] Once released into the liquid environment, Ag ions have an antibacterial effect.[@b32-ijn-12-3665] Choi et al showed that the inhibition of microbial growth by AgCl colloids can be as effective as Ag ions depending on the particle size and bioavailability.[@b44-ijn-12-3665] Chitosan, as a cationic polyelectrolyte co-released with Ag~2~O/AgCl from the coatings, promotes the adhesion of Ag~2~O/AgCl to the targeted bacterial cell membranes and enhances the antibacterial activity.[@b45-ijn-12-3665]

Finally, the potential cytotoxicity of the released nanoparticles was investigated. Only Ag-IV group showed cytotoxicity to MC3T3-E1 cells, which may have been caused by the burst release of Ag in Ag-IV group. The released Ag-containing nanoparticles had decreased cytotoxicity against MC3T3-E1 cells compared with pure Ag nitrate. There were two possible reasons for this phenomenon. First, the sustainable release of Ag ions from the nanoparticles reduced their accumulation and thereby their cytotoxicity. Second, the combination of the released Ag ions with chitosan reduced the cytotoxicity.[@b46-ijn-12-3665]

Conclusion
==========

Antimicrobial nanocomposite coatings, composed of a degradable CS/G polymer base and loaded with Ag compound (Ag~2~O/AgCl), were deposited on metal implants via EPD. These Ag-containing nanoparticles had bactericidal activity through the release of Ag ions from Ag~2~O and AgCl. Chitosan, a cationic polyelectrolyte, enhanced the adhesion of these environmentally benign Ag-containing nanoparticles to the cell membranes of targeted bacteria. The initial burst release of Ag ions from these coatings killed and prevented the initial adhesion of *S. aureus* and *E. coli* while exhibiting relatively low cytotoxicity to healthy cells compared with pure Ag ions. These Ag-containing nanocomposite coatings on metal implants produced by EPD have the potential to reduce implant-associated infections.
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![The optical photographs of fresh (**A**1--**E**1) and dry (**A**2--**E**2) CS/G and Ag-containing nanocomposite coatings.\
**Abbreviation:** CS/G, chitosan/gelatin.](ijn-12-3665Fig1){#f1-ijn-12-3665}

![(**A**--**E**) The fluorescence images, (**F**--**J**) SEM images of surface with low and high magnification, (**K**--**O**) SEM images of cross-section, and (**P**--**T**) EDS spectra of CS/G and Ag-containing nanocomposite coatings (square: C, circle: O, triangle: Au, inverted triangle: Cl, star: Ag, diamond: Ti).\
**Abbreviations:** SEM, scanning electron microscopy; EDS, energy-dispersive X-ray spectrometry; CS/G, chitosan/gelatin.](ijn-12-3665Fig2){#f2-ijn-12-3665}

###### 

(**A**) ATR-FTIR spectra of CS/G and Ag-containing nanocomposite coatings. (**B**) XRD patterns of CS/G and Ag-containing nanocomposite coatings (square: peak of chitosan, triangle: peaks of AgCl, circle: peaks of Ti). (**C**) General XPS spectrum of CS/G and Ag-containing nanocomposite coatings (square: Cl XPS spectra, circle: C 1s XPS spectra, triangle: Ag 3d XPS spectra, inverted triangle: N 1s XPS spectra, star: O 1s XPS spectra, diamond: Ag MN1 XPS spectra). Ag 3d XPS spectra of (**D**) Ag-0, (**E**) Ag-I, (**F**) Ag-II, (**G**) Ag-III, and (**H**) Ag-IV. Ag MN1 XPS spectra of (**I**) Ag-0, (**J**) Ag-I, (**K**) Ag-II, (**L**) Ag-III, and (**M**) Ag-IV

**Abbreviations:** ATR-FTIR, attenuated total reflection Fourier-transform infrared spectroscopy; CS/G, chitosan/gelatin; XRD, X-ray diffraction; XPS, X-ray photoelectron spectroscopy.

![](ijn-12-3665Fig3)

![](ijn-12-3665Fig3a)

![TEM images of the released nanoparticles and calculative release profiles of Ag ions from CS/G and Ag-containing nanocomposite coatings in PBS: (**A**) Ag-0, (**B**) Ag-I, (**C**) Ag-II, (**D**) Ag-III, (**E**) Ag-IV, and (**F**) release profile.\
**Abbreviations:** TEM, transmission electron microscopy; CS/G, chitosan/gelatin; PBS, phosphate-buffered saline.](ijn-12-3665Fig4){#f4-ijn-12-3665}

![Bar graph of the (**A**) shear and (**B**) tensile bond strength of CS/G and Ag-containing nanocomposite coatings on titanium surface (n=3; \**P*\<0.05).\
**Abbreviations:** CS/G, chitosan/gelatin; F, force.](ijn-12-3665Fig5){#f5-ijn-12-3665}

![(**A**--**E**) Degradation rate of CS/G and Ag-containing nanocomposite coatings in PBS under sterile condition (n=4) and (**F**--**J**) ATR-FTIR spectra of CS/G and Ag-containing nanocomposite coatings after degradation in PBS at specific times: 0, 1, 7, 14, and 28 days (red arrows: peaks corresponding to chitosan; black arrows: peaks corresponding to gelatin): (**A** and **F**) Ag-0, (**B** and **G**) Ag-I, (**C** and **H**) Ag-II, (**D** and **I**) Ag-III, and (**E** and **J**) Ag-IV.\
**Abbreviations:** CS/G, chitosan/gelatin; PBS, phosphate-buffered saline; ATR-FTIR, attenuated total reflection Fourier-transform infrared spectroscopy.](ijn-12-3665Fig6){#f6-ijn-12-3665}

![(**A1**--**E2**) SEM images of bacteria adhered on the deposited coatings. (**A3**--**E4**) Optical images of re-cultivated colonies from the antibacterial test of the coatings after 20-hour incubation. (**A5**--**E6**) Optical images of re-cultivated colonies from the anti-biofilm test after 20-hour incubation. (**A7**--**E8**) Optical images of re-cultivated colonies from the antibacterial test of the released nanoparticles after 20-hour incubation. (1, 3, 5, and 7: *Staphylococcus aureus*; 2, 4, 6, and 8: *Escherichia coli*; **A**: Ag-0, **B**: Ag-I, **C**: Ag-II, **D**: Ag-III, and **E**: Ag-IV). (**F**) The percentage reduction of antibacterial test (n=3; \*\**P*\<0.01, and \*\*\**P*\<0.001). The deviation in measurement values below 99% CFU reduction efficiency is ±10% (range error).\
**Abbreviations:** SEM, scanning electron microscopy; CFU, colony forming unit.](ijn-12-3665Fig7){#f7-ijn-12-3665}

![Optical confocal micrographs of bacteria from the (**A1**--**E2**) antibacterial test, (**A3**--**E4**) anti-biofilm test, and (**A5**--**E6**) antibacterial test of released nanoparticles after dyeing with SYTO 9 and PI (1, 3, and 5: *Staphylococcus aureus*; 2, 4, and 6: *Escherichia coli*; **A**: Ag-0, **B**: Ag-I, **C**: Ag-II, **D**: Ag-III, and **E**: Ag-IV). (**F**) Time-dependent cell viabilities of MC3T3-E1 cells cultured in the leaching liquid of CS/G and Ag-containing nanocomposite coatings up to 7 days (n=5 \*\*\**P*\<0.001). (**G**) Cell viabilities of MC3T3-E1 cells cultured in the leaching liquid and pure Ag ions with corresponding concentration. (n=5; \*\*\**P*\<0.001).\
**Abbreviations:** CS/G, chitosan/gelatin; OD, optical density; PI, propidium iodide.](ijn-12-3665Fig8){#f8-ijn-12-3665}

![Fabrication process of Ag-containing nanocomposite coating via EPD. Ag-containing nanoparticles were formed as shown in the SEM result. TEM results revealed a core--shell-like structure of the released nanoparticles.\
**Abbreviations:** EPD, electrophoretic deposition; SEM, scanning electron microscopy; TEM, transmission electron microscopy.](ijn-12-3665Fig9){#f9-ijn-12-3665}

###### 

Concentration of chitosan, gelatin, and Ag ions in the electrophoretic deposition solution

  Concentration         Ag-0   Ag-I   Ag-II   Ag-III   Ag-IV
  --------------------- ------ ------ ------- -------- -------
  Chitosan (g/100 mL)   0.6    0.6    0.6     0.6      0.6
  Gelatin (g/100 mL)    1.4    1.4    1.4     1.4      1.4
  Ag nitrate (mM/L)     0      0.1    1       10       100

[^1]: These authors contributed equally to this work
